We examined risk factors associated with Necator americanus infection among persons aged у50 years in Hainan Province, People's Republic of China. Age and sex made the most important contributions to the variation in infection intensity (28%-30%), with age alone responsible for 27% of this variation. When stratified by 20-year age intervals, the influence of shared residence was 23% for persons aged у50 years and 27% for those aged !20 years, who had the highest and lowest levels of infection intensity, respectively. This points to shared residence as a means of capturing the complex relationship between aging and shared socioeconomic, environmental, and behavioral factors that influence transmission of Necator infection. None of the other 26 personal or 32 household risk factors were found to be significant. The importance of aging in Necator infection reveals an emerging public health problem among the elderly population of developing countries.
China Sea island province of Hainan had the highest prevalence of hookworm infection in the People's Republic of China (60%) [4] . Data obtained in 1997 and 1998 from South China indicate that infection remains endemic [2, [5] [6] [7] [8] [9] . A 1998 survey of the prevalence and intensity of Necator hookworm infection in Hainan Province confirmed the high prevalence of infection, with Necator americanus found to be the predominant hookworm [9] .
Increasing evidence suggests that N. americanus infections in humans exhibit distinct epidemiological patterns from infections with other soil-transmitted helminthiases [10, 11] . The prevalence and intensity of infection with Ascaris and Trichuris species typically peak during middle and late childhood [12] . This pattern has provided the justification for anthelminthic chemotherapy programs that target school-aged children (5-14 years of age). Although peak prevalence and intensity of infection for hookworm still occur among children in many tropical areas [13, 14] , we report an emerging pattern of infection among elderly persons in Hainan province, where peak prevalence and infection intensities occur in persons aged у50 years.
PATIENTS AND METHODS
Study sample. The village of Daocong is located on the north of Hainan Island. Eight hundred eight persons were registered with the Daocong Village administration. District public health revealed that Daocong had not had a deworming program since 1979. A survey given at the time of study recruitment revealed that 50 persons had received treatment for helminthic infection from private sources within the past 5 years. These persons were excluded from the analysis sample. Full participation was 67% (509 persons; figure 1 ). The 249 persons who did not participate in the study did not differ from study participants with regard to age ( ), sex ( ), occupation P p . Table 3 shows selected covariates from a 27-item instrument, which was administered to each participant; proxy responses for the individual surveys were accepted by parents for children aged !6 years. Table 3 also shows the selected effects for a 36-item household survey administered to the principal male or female resident of the household. The largest occupational group was agricultural worker (67% of persons), followed by secondary school student (21% of persons), primary school student (11% of persons), and non-agricultural worker (1% of persons). Forty-three percent of persons lived in households with latrines. The most common crops grown by households in the study area were rice (98% of households) and vegetables (95% of households). Chemical fertilization predominated, with 93% of persons residing in household reporting its use, followed by use of cattle dung (54%). Only 5% of persons lived in households that reported use of night soil (i.e., human feces). Most houses grew crops for subsistence (56%), with a large percentage (42%) growing them for commercial use. There were many reports of indiscriminate defecation, especially of defecation around the "peridomestic environment" (56% of persons).
All research was performed in accordance with the ethical standards of the Yale University Human Investigations Committee (protocol 10932), the Internal Review Board of the George Washington University Medical Center (protocol [15] . Hookworm species (Ancylostoma duodenale or N. americanus) were determined by morphological identification of third-stage larvae reared from eggs by coproculture.
Statistical methods. Data were entered into a pedigreebased data management system, Pedigree Data Management System (PEDSYS) [16] , which facilitated assembly of the household matrix needed for the variance-components analysis of shared residence. To meet the required normal distribution for the variance-components analysis, we logarithmically (ln) transformed the variable egg count per gram (epg) of feces plus 1 (ln epg). The transformation normalized the varln (x ϩ 1) iable, markedly reducing the kurtosis (Ϫ ) and the 1.493 ‫ע‬ 0.216 skewness (
). The variable "ln epg" was used in 0.172 ‫ע‬ 0.108 all subsequent statistical analysis.
Student's t test was used to determine significant differences in mean values for normally distributed continuous variables for 2 independent effects. Analysis of variance was used to test the mean differences of continuous variables when an effect consisted of 11 group (e.g., 10-year age intervals). Bonferroni post hoc tests, with a significance level of .05, were used for multiple testing. A x 2 test was used to test the significance of proportions of persons with positive and negative results of tests for the presence of eggs. A Pearson product moment correlation was used for all correlations.
A variance-component analysis was used to test the effects of covariates and shared residence on fecal egg counts during Necator infection. Detailed development of the variancecomponent method [17] [18] [19] [20] is outlined in the Appendix. Special reference to the use of this method for estimating the effects of shared residence on intensity of helminthic infection has been described elsewhere [20] . All analyses were done with the sequential oligogenic linkage analysis routines (SOLAR) general variance-component analysis package [21, 22] .
RESULTS
The relationships between age and prevalence of infection and between age and intensity of infection were different for each of the soil-transmitted helminthic infections examined. The proportion of infected persons positive for hookworm eggs was 56% (95% CI, 51%-60%;
) and peaked in the у80-n p 285 year-old age group (86%; 95% CI, 72%-99%;
). Figure P ! .001 2 shows that male and female subjects had similar patterns of Necator prevalence by 10-year age intervals. The highest prevalence was observed in the oldest women and men, with a significantly higher ( ) proportion of women (61%) than P p .02 men (50%) testing positive for eggs. Figure 3 shows that, in contrast to the intensity of Necator infection, the peak intensity for Ascaris infection (665; 95% CI, 109-1220) and Trichuris infection (242; 95% CI, 242-363) occurred during the first decade of life (1-9 years of age).
The mean egg count per gram of stool for Necator infection in the sample was 971 (95% CI, 639-1304). The range of egg counts was 24-66,432 epg. Again, the peak egg counts occurred among persons in the oldest age intervals. Female subjects (1332 epg; 95% CI, 724-1939 epg) had significantly ( ) higher P p .034 egg counts than did male subjects (615 epg; 95% CI, 340-890 epg). Analysis of variance showed that egg counts were significantly different ( ) among the age intervals and that the P ! .001 4 oldest age intervals were significantly different ( ) from P ! .05 the younger age intervals but not different from each other. Similar patterns were seen in the relationship between age and intensity of infection in both sexes. Figure 4 depicts the linear relationship between intensity of infection and age ( ; ) for persons whose stool r p .62 P p .001 specimens tested positive for eggs, and table 4 presents the variance-components analysis of age and sex on infection intensity for a series of 5 nested models. The models are as follows: (1) sporadic, (2) sex, (3) age, (4) age and sex, and (5) age, sex, and the interaction term sex by age ( ). The "sporadic" sex ϫ age model of variation incorporates only the contribution of random effects. Models 2-5 retain this effect and introduce an effect due to the specified covariate(s). The sex (model 2) and age (model 3) models were significantly better than the sporadic model, with sex accounting for 2% ( ) and age ac-P p .003 counting for 27% ( ) of the variation in ln epg. The P ! .0001 inclusion of the terms age and sex together were significantly better than the sex ( ) or age models ( ), ac-P ! .001 P p .006 counting for 29% of the variation in infection intensity. Finally, the addition of the interaction term ( ) accounted for sex ϫ age 30% of the variation in egg counts and significantly improved the model ( ). We also estimated the effects of models P p .0019 with age included as 10-year age classes represented by ordinal, nonquantitative variables and 10-year age class represented by a series of binary (0/1) dummy variables (data not shown). These 2 methods did not lead to different results when age was used as a continuous variable.
Formal likelihood-ratio tests for the effect of shared household on intensity infection are outlined in table 5. A significant effect was found for shared residence (model 1), with 16% of the variation in egg counts due to residence in the same house. Model 2 shows the effects of shared residence on egg counts when the sample is stratified by sex: nearly identical proportions of variation (16%) were observed for female and male subjects ( and , respectively). Model 3 shows the ef-P p .026 P p .031 fects of shared residence when the sample is stratified by 20-year age categories. A substantial (27%) and significant (P ! ) effect for shared residence was found among persons aged .001 !20 years. Similarly, a substantial (23%) and significant ( ) effect for shared residence was found for persons P p .0204 aged у50 years. No significant differences in the variation of infection intensity were found for such traditional variables as defecation practices or footwear use, even though 42% claimed never to wear footwear outdoors.
DISCUSSION
The World Health Organization estimates that ∼2 billion people worldwide are infected with soil-transmitted helminths and that ∼300 million experience severe morbidity caused by high worm burdens [23] . School-aged children are considered the group most at risk for the morbidity associated with soil-transmitted helminthiases. Chronic infections with soil-transmitted helminths during childhood result in stunting of linear growth [13, 24, 25] , reduced physical fitness [26, 27] , lower educational achievement [28] , slowed mental development, and impaired cognitive function [29] . On the basis of these observations, the World Health Organization has designed simple and comprehensive guidelines to reduce the impact of soil-transmitted helminthiases, which include the recommendation of regular administration of anthelminthic chemotherapy among children aged 5-14 years [30] .
An increasing body of evidence, however, suggests that the hookworms no longer exhibit age distributions similar to those of the other major soil-transmitted helminths (Ascaris and Trichuris species) [10, 11] . Ascaris and Trichuris worm burdens typically peak in school-aged children and decrease in adulthood [12] . In contrast, although childhood hookworm infection and clinical hookworm disease remain a pediatric problem in some regions [13, 14, [24] [25] [26] 31] , our data used a variancecomponent method to show that hookworm infection prevalence and intensity rates increase with age, with elderly patients having the highest prevalence and intensity of infection in areas of endemicity. Especially striking is the strong correlation ( ; ) between age and egg counts shown r p .62 P p .001 in figure 4 . Similar patterns for infection have been observed areas where N. americanus is endemic in China [6, 9] and Southeast Asia [32] .
The association between increasing age and increasing prevalence and intensity of infection reveals an important public health problem for developing countries, because the elderly population is seldom mentioned as a group at high risk for either infection or the consequent morbidity associated with high worm burdens. As such, we wanted to quantify the extent to which age affected the variation in Necator infection intensity and to identify risk factors associated with aging and high levels of infection. The study's strength was the use of a variancecomponents methodology [17] to accomplish this task. The variance-component approach is highly flexible, and virtually any aspect of exposure than can be articulated and measured can be modeled and its effect size on the dependent variable evaluated. Moreover, the variance-components method gives an unbiased estimation of the size of each effect modeled, enabling us to rank the importance of an effect in terms of its contribution to the total variance. For example, variancecomponents analysis has been used to study the effect of common sibship environments (e.g., sharing parents) or common parent-offspring environments in some genetic studies. Environmental measures based on distance between households or cohabitation history have also been investigated [33] [34] [35] [36] [37] . In the present study, our specification of household (H) represents a simple aggregate measure of shared residence in a single dwelling, in addition to the more specific aspects of shared physical environment (e.g., fertilizer used) that are investigated.
In the present study, variance-components analysis revealed that age and sex made the most important contributions to infection intensity (28%-30%), with age alone responsible for 27% of this variation. The significance of a model that includes the product term (model 5) points to the statistical sex ϫ age interaction between these 2 effects on the variation in infection intensity and, thus, to a possible biological interaction between aging and sex on Necator egg counts (e.g., hormones).
Other studies have found a similar relationship between aging and Necator infection, especially in Asia [6, 9, 32] . To our knowledge, ours is the first study to have identified individual or household risk factors, including shared residence, that may contribute to the association between aging and infection intensity. Shared residence accounted for 16% of the variance in egg counts (table 5) . Interestingly, when stratified by 20-year age intervals, the proportion of variation due to shared residence was 23% for persons aged у50 years and increased to 27% for those aged !20 years. These are the age groups in the sample with the heaviest and lightest infection, respectively. The strong household aggregation among members of these age groups may indicate a number of shared risk factors not captured by the current survey instrument, such as similar hygienic behavior or defecation practices.
None of the covariates from the individual or household survey contributed significantly to variation in infection intensity. Even traditional risk factors for hookworm infection were not found to be significant. Although 42% of persons claimed not to wear footwear outdoors, there was no significant difference in the rate of hookworm infection between those who wore footwear outdoors and those who did not. The use of night soil did not influence hookworm transmission. However, in contrast to other parts of China [2], night soil is not widely used as a fertilizer, as it is in the Sichuan Province of the People's Republic of China or in Vietnam [6, 32, 38] .
The influence of aging on the prevalence and intensity of Necator infection has important public health consequences. The morbidity associated with hookworm infection is not just related to the number of worms in a host, but also to "the duration of infection and to the background health status of the host" [30, p. 281] . The nutritional and background health statuses of elderly persons in developing countries are often poor [39] , which makes these persons vulnerable to the morbidity associated with chronic and heavy hookworm infection. Furthermore, although developing countries are experiencing an unprecedented growth in the size of their elderly populations [40] , those countries are still plagued with the diseases of the developing world [41, 42] . Our observation of increased prevalence and intensity of Necator infection in the elderly population of Daocong Village points to 1 such example and the need for further study into the reasons for this emerging pattern of infection.
APPENDIX VARIANCE-COMPONENT ANALYSIS FOR INFECTIOUS DISEASES
In brief (see [20] for detailed explanation), let y p (y , … ,y ) 1 n denote the vector of quantitative trait values for a collection of n persons. In a model of multivariate normality [18] for the trait vector y the logarithm (ln) likelihood l of the sample is given by ,
where and are, respectively, the mean and variance-covarm S iance matrix for y. Covariate effects are introduced by modeling the trait mean vector as , where g is the overall m p g ϩ Ab trait mean; A is an design matrix for the trait whose n n ϫ m rows contain m covariates, such as age, sex, and any other demographic, socioeconomic, physical environmental, or behavioral indices for each individual; and is an m-vector of b regression coefficients for the selected covariates.
The covariance matrix depends on the specific effects and S interactions to be modeled. In general, takes the form S , where the parameter is a scalar variance-com-2 2 S p Q j j j j j j ponent and is the corresponding structuring matrix repre-Q j senting the expected pattern of covariation. Minimally, must S contain a term reflecting random, individual-specific environmental variation. This "sporadic" model can be written S p , where I n is the matrix and is the variance due to as a x 2 variable with degrees of freedom equal to the difference in the number of free parameters between the 2 models. With variance-component models, however, the likelihood-ratio test is often made under nonstandard conditions-some parameters may fail to exist under the null hypothesis, or some parameters have their true value under the null hypothesis on a boundary of the parameter space defined by the alternative hypothesis. In these cases, the distribution of the likelihood ratio statistic under the null hypothesis is a complex mixture of x 2 distributions, with mixing proportions determined by the geometry of the parameter space [19] . All analyses were done with the sequential oligogenic linkage analysis routines (SOLAR) general variance-component analysis package [21, 22] .
